Abstract-It is important to evaluate the solubility of solid carbon dioxide in liquefied natural gas for natural gas liquefaction at relatively high temperature. The regular solution method and the equations-of-state (EOS) are used to calculate the solubility of carbon dioxide in saturated liquid methane in this paper. The calculation results are compared with the experiment data, and it certifies that the EOS method can be recommended for this kind of solubility calculation. In addition, nitrogen and ethane are common components in natural gas. In this paper, PR EOS is selected to calculate the solubility of carbon dioxide in CH 4 +N 2 and CH 4 +C 2 H 6 mixtures. Results show that the solubility of carbon dioxide in liquid CH 4 +N 2 mixtures increases with the addition of nitrogen content in the relatively low temperature region (lower than 155K). With the temperature increases, the solubility of carbon dioxide decreases with the increase of nitrogen content. While in liquid CH 4 +C 2 H 6 mixtures, it increases with the increase of ethane content.
I. INTRODUCTION
Oceans are rich in natural gas resources, and the reserves of which are about 1/3 of the Global total quantity. LNG technology is considered the most promising options among the lots of offshore natural gas programs, as the volume of natural gas will reduce to 1/ 600 after liquefaction. However, the high cost of offshore platforms limit the practical application of liquefied natural gas plants. Accordingly, reducing the area of LNG plants will be the key of the maritime LNG plant [1] - [3] .
Carbon dioxide is a common impurity in natural gas. When its concentration is too high, it will form solid phases which would cause blockage of pipelines, heat exchangers, etc. As a result, stability and safety of the plants will be threatened. So it is very important to predict the solubility of carbon dioxide in natural gas before designing and operating of the whole system. The greater solubility of carbon dioxide in LNG, the less solid phases will be precipitated. When the solid phase formation amount to zero, it will be possible to cancel the pretreatment plant of CO 2 . It will substantially reduce the investment and the area of the whole system [4] - [6] which make the offshore plants practical.
Currently, only a few papers studied about calculating the solubility of carbon dioxide in cryogenic liquids, such as liquid nitrogen, liquid oxygen or LNG. In 1940, Fedorova calculated the solubility of carbon dioxide in liquid oxygen and in liquid nitrogen according to ideal solution theory. At the same time, he did some experiments and found that the theoretical calculations are more than 100 times larger than the experimental values [7] . In 1962, Davis et al performed a series of experiments on the methane-carbon dioxide system and got the solubility of carbon dioxide in methane at different temperatures [8] . Most of these researchers are experts in the field of chemistry, who were focus on a variety of experimental methods of solubility determination.
Li from Zhejiang University used the regular solution method and modified Scatchard-Hildebrand relation in her PhD thesis to calculate the solubility of carbon dioxide in liquid nitrogen and liquid oxygen, and obtained good results [9] . As liquid methane is a cryogenic non-polar liquid similar with liquid nitrogen and liquid oxygen, similar method has been imitated in the calculation of the solubility of carbon dioxide in the saturated liquid methane in this paper. Additionally, simple cubic equations-of-state has been widely used in non-polar fluid phase equilibria calculations. In 2006, ZareNezhad and Eggeman [10] used PR EOS to predict CO 2 freezing points of hydrocarbon liquid and vapor mixtures at cryogenic conditions of gas plants. The overall average absolute relative deviation between the experimental and predicted CO 2 freezing temperatures for this binary system is 0.26%. So EOS method is selected for the solid-liquid phase equilibria calculation in this paper.
II. CALCULATING METHOD

A. Regular Solution Method 1) Basic principle.
The solubility of solid in cryogenic liquid involves principle of thermodynamics and physical chemistry, and especially at special low temperature, solubility of solute in the solvent also related to the calculation of activity coefficient of actual solution. Firstly, we are concerned with solid-liquid equilibria for which the solid phase is pure solute and the liquid phase is a saturated solution of the solute in the solvent. For such systems the equation of equilibrium is 
Equation (3) also can be simplified because effect of
Therefore, in the case of fusion heat and fusion temperature are given, as long as the activity coefficients obtained, we can estimate the mole fraction of solid in liquid solubility.
2) Ideal solution equation. Solubility in an ideal mixture can be calculated from Equations (4) upon assuming that
where fusion heat of CO 2 , Fedorova estimated the solubility of carbon dioxide in liquid oxygen and in liquid nitrogen according to similar ideal solution theory and found that the theoretical calculations are more than 100 times larger than the experimental values. So for many systems of industrial interest, 1 2 = γ is a bad assumption, we should find the actual solution formula.
3) Regular solution equation.
For nonpolar systems, an approximate method for obtaining liquid-phase activity coefficients is provided by Scatchard-Hildebrand equation for a binary system [11] :
where
ν is the molar volume of the liquid solute, 1
Φ is the volume fraction of solvent in the solution, and 12 A is the exchange energy density. The exchange energy density is related to the cohesive energy densities, ij C , by 12 22 11 12
where 11 C is the cohesive energy density of the solvent, 22 C is that of the solute, and 12 C is a cohesive energy density describing the intermolecular forces between solvent and solute. For 12
C we use ( )
If we introduce the solubility parameter δ into (6), we obtain ( ) Before calculation, we need to estimate liquid molar volumes and solubility parameters for the solute and the solvent.
4) Modified S-H equation.
Preston et al proposed an amendment to the intermolecular forces of the S-H equation [12] , [13] :
where 12 l is a constant of the order of ( ) 2 
10
− , characteristic of a given solute-solvent pair, and, to a close approximation, independent of temperature and composition.
After substituting (1) into (2), we can get the modified S-H equation as follow:
Preston gives 25 parameters of the system at low temperature [12] , in the calculation, we use his summary data for CO 2 
B. EOS Method
Equations-of-state (EOS) are the theoretical basis to estimate fluids' thermodynamic properties, which have many advantages. An EOS usually contains only a few parameters, it is simple in form with high calculation accuracy, and so on. Considering that EOS have been widely applied for both theoretical and engineering calculations, the very popular PR EOS and SRK EOS are selected for the solid-liquid phase equilibria calculation.In order to perform solid-fluid phase equilibria between a ternary fluid phase (species 1, 2 and 3) and a pure solid phase (species 2), one solves the fugacity balance for species 2 between the phases: where subscript 1 refers to the solvent CH 4 , subscript 2 refers to the solute CO 2 , subscript 3 refers to the solvent N 2 (or With the simplification, we can obtain
where the fugacity coefficient φ can be evaluated using the
EOS.
The linear regression analysis of experimental solid CO 2 vapor pressure data [14] in the form of 
1) PR EOS [10]
We chose a standard form of PR EOS [15] for solid-vapor and solid-liquid equilibrium calculations, since it is widely used to model natural gas processing systems. This equation can be written as To apply such an EOS to mixtures, mixing rules are used to calculate the values of a and b of the mixtures. Classical mixing rules are used in this study 4 and CO 2 is derived from ZareNezhad et al [10] , and the rest data come from the software HYSYS. 2) SRK EOS [16] Calculating solubility by the SRK EOS is similar to PR EOS, just a different form of equations.
The standard form of SRK EOS is 
III. RESULTS AND DISCUSSION
A. Solubility of CO 2 in pure methane
The regular solution method and the equations-of-state are used to calculate the solubility of solid carbon dioxide in saturated liquid methane in this paper, including the results of the regular solution theory, modified S-H equation, an empirical equation, PR EOS and SRK EOS. The calculation results and the experimental data of Davis et al [8] are plotted in Fig. 1 . Firstly, we can draw a conclusion from Fig. 1 that the solubility of solid carbon dioxide in saturated liquid methane increases with temperature increasing.
As shown in the Fig. 1 , both of the values by the regular solution method and the EOS method are very close to experimental data in the relatively low temperature region(Less than 130K). With the temperature increase, the results of EOS law are still a high degree of agreement with the experimental data. However, results derived from the regular solution method gradually deviate from the experimental values, which unexpectedly decrease with temperature increasing when the temperature is greater than 165K. At the same time, the empirical equation which is applied near the critical temperature begins to show the superiority as its results are very close to the experimental values.
To predict the solubility of CO 2 in liquid methane by the regular solution method is more accurate than the ideal solution hypothesis. Regular solution theory is fit for non-ideal and non-polar liquids, which is usually used to semi-quantitatively calculate the solubility of the system formed by two non-polar liquids. From the derivation of its definition, there must be some error because the force between two molecules is replaced by a geometric mean.
Data derived from the modified S-H equation are closer to the experimental results than that by the regular solution method. 12 l in (11) is a value obtained from the experiments.
If we have more precise data, the results will be closer to reality.
It can also be seen from Figure 1 that data calculated by the regular solution method and the modified S-H equation decreased with temperature increasing when the temperature is higher than 165K, which is clearly anomalous. The reason is that when calculating the solubility of the solvent near the critical temperature, the excess volume of mixing is not negligible. Therefore, an empirical equation based the reasonable assumption is used near the critical temperature and a better result is obtained.
The predicted solubility of CO 2 in saturated methane by the PR EOS and SRK EOS are are very close to the experimental data with the average AAD of less than 5%. Obviously, these two widely used cubic equations of state can be recommended for this kind of solubility calculation.. TABLE II and TABLE III. For comparison, part of the representative data of the above two tables are plotted into Fig. 2 . Fig.2 indicates that the solubility of carbon dioxide in mixtures changes tiny with the addition of species 3 in the relatively low temperature region (lower than 130K). With the temperature increase, the existence of nitrogen or ethane in methane has a greater influence on the solubility of carbon dioxide. As can be seen from TABLE II, when temperature is low than 155K, addition of nitrogen content in the methane will slightly increase the solubility of carbon dioxide in liquid CH 4 +N 2 mixtures. On the contrary, the solubility of solid carbon dioxide decreases with the increase of nitrogen content when the temperature is higher than 155K. 
B. Solubility of CO
IV. CONCLUSION
The regular solution method and the equations-of-state method are adopted to calculate the solubility of carbon dioxide in saturated liquid methane in this paper, and the results are compared with the experiment data from Davis. Additionally, The PR equations-of-state are adopted to calculate the solubility of carbon dioxide in liquid CH 4 +N 2 and CH 4 +C 2 H 6 mixtures in this paper. The following conclusions are drawn from the results.
1) The solubility of carbon dioxide in LNG increases with temperature increasing. The increase becomes significant only when the temperature is higher than 130K. This means that a natural gas liquefaction process running at 145K may allow CO 2 content as high as 0.5%, much higher than the usual value of 50ppm for conventional process at 111K. Consequently, the CO 2 removal unit in an LNG plant may be minimized or even cancelled.
2) Results by the regular solution theory and the modified S-H equation are very close to experimental data when the temperature is lower than 130K. But this method will result in a great error in the relatively high temperature. So it is not suitable for solubility calculation of carbon dioxide in saturated liquid methane.
3) Results obtained from PR and SRK EOS are consistent with the experimental values in the whole temperature region, so these two EOS can be recommended for calculating the solubility.
4) The solubility of solid carbon dioxide in liquid CH 4 +N 2 mixtures increases with the addition of nitrogen content in the relatively low temperature region (lower than 155K). But, when the temperature increases, the solubility of solid carbon dioxide decreases with the increase of nitrogen content.
5) The solubility of solid carbon dioxide in liquid CH 4 +C 2 H 6 mixtures increases with the increase of ethane content.
